We present a relationship between spiral arm pitch angle (a measure of the tightness of spiral structure) and the mass of supermassive black holes (BHs) in the nuclei of disk galaxies. We argue that this relationship is expected through a combination of other relationships, whose existence has already been demonstrated. The recent discovery of AGN in bulgeless disk galaxies suggests that halo concentration or virial mass may be one of the determining factors in BH mass. Taken together with the result that mass concentration seems to determine spiral arm pitch angle, one would expect a relation to exist between spiral arm pitch angle and supermassive BH mass in disk galaxies, and we find that this is indeed the case. We conclude that this relationship may be important for estimating evolution in BH masses in disk galaxies out to intermediate redshifts, since regular spiral arm structure can be seen in galaxies out to z ≃ 1.
INTRODUCTION
Massive black holes (BHs) at the centers of galaxies are recognized as a normal, perhaps ubiquitous, component of elliptical galaxies and spiral galaxy bulges (Kormendy & Richstone 1995; Barth 2004; Kormendy 2004) . Indeed, it has been argued that all hot galaxy components (elliptical galaxies and spiral galaxy bulges) contain central BHs (e.g., Magorrian et al. 1998) . Also, a good correlation has been shown to exist between the mass of supermassive BHs, M BH , and host galaxy mass or luminosity (Kormendy 1993; Kormendy & Richstone 1995; Magorrian et al. 1998; Marconi & Hunt 2003; Häring & Rix 2004) . A plausible physical framework to discuss the connections between BH mass, galaxy formation, and quasar evolution was outlined by Richstone et al. (1998) . Over the lifetime of HST, the set of galaxies with reliable BH masses has grown rapidly, culminating in the discovery of a relation between the mass of BHs and the stellar velocity dispersion of the bulge/spheroid, σ c (Gebhardt et al. 2000a; Ferrarese & Merritt 2000) . Since the discovery of this M BH -σ c relation, measurement of lower mass BHs have been made, extending mass estimates as low as 10 5 M ⊙ (Barth et al. , 2005 Fillipenko & Ho 2003; Greene & Ho 2004 ) and as high as ∼ 3 × 10 9 M ⊙ (e.g., Tremaine et al. 2002) . This has also allowed investigations of other galaxy properties that correlate well with M BH , such as bulge light concentration or Sérsic index (e.g., Graham & Driver 2007) and bulge gravitational binding energy (Aller & Richstone 2007) .
The recent discovery of supermassive BHs in the centers of late-type galaxies with little or no bulge (Satyapal et al. 2007 (Satyapal et al. , 2008 suggests that one of the mechanisms for determining the size (or mass) of centrals BHs may be linked to the concentration or virial mass of the dark matter halo. This is in agreement with Ferrarese (2002) , who finds that the mass of the dark matter halo is linked to BH mass, by comparing maximum rotation velocities, V max , of disk galaxies with their corrected central velocity dispersion and finding a good correlation. Although, we state above that galaxies with larger bulges tend to be found in more massive dark matter halos, this is a very general statement, and the relationship between these two quantities, while being a good correlation on average, has a lot of scatter (see e.g., Ho 2007) . Since spiral arm pitch angle also depends on mass concentration, once again this may point to a relation between spiral arm pitch angle and BH mass. Such a relation may be important, as it could possibly be an indirect means of determining the masses of supermassive BHs in distant disk galaxies, and hence the growth of BHs in spirals as a function of look back time.
The range of supermassive BHs in spirals is less than the entire observed range of masses for all galaxy types. For spirals, BH masses typically range from ∼ 10 6 M ⊙ (similar to the Milky Way galaxy; Ghez et al. 2005; Genzel et al. 2000) to ∼ 10 8 M ⊙ (for more massive spiral galaxies like M31; e.g., Bender et al. 2005) . In this letter we show that a correlation exists between supermassive BH mass and spiral arm pitch angle (a measure of the tightness or looseness of spiral arms in disk galaxies).
OBSERVATIONS AND ANALYSIS
Our sample consists of a total of 27 spiral galaxies with BH masses that have been determined using several different methods. The first 12 galaxies have estimates of their supermassive BHs using direct determinations. The next 11 galaxies were selected from the sample of Ferrarese (2002) and the BH masses have been determined using the central velocity dispersion of the bulge, σ c , and converting to BH mass using the relation from Ferrarese (2002) . The last 4 galaxies have lower limits for the BH masses based upon the Eddington limit and have been taken from the sample of Satyapal et al. (2007 Satyapal et al. ( , 2008 . It should be noted that these lower limits are order of magnitude estimates at best. Our galaxies consist of those galaxies with known BH masses, with Hubble types ranging from Sa to Sm, for which it is possible to measure spiral arm pitch angle.
The source of the BH mass or velocity dispersion of the galaxies in our sample is given in Table 1 . Images of 25 of (2007) . The spiral arm pitch angle given for M31 is the average of values taken from Arp (1964) and Braun (1991) . The Milky Way pitch angle is from Levine et al. (2006) . BH estimates from σc take into account the scatter in the M BH -σc relation. these galaxies were then downloaded from various archives, also listed in Table 1 . The images were then used to determine spiral arm pitch angles (see Table 1 ). The remaining 2 galaxies are the Milky Way and M31, for which spiral arm pitch angles were taken from the literature. Levine et al. (2006) measure the spiral arm pitch angle of the Milky as P = 22. • 5 ± 2. • 5 from neutral hydrogen observations. For M31, Arp (1964) measured a pitch angle P = 7. • 4 and Braun (1991) measured a pitch angle P = 6. • 7. Here we adopt the average of these two measurements for the spiral arm pitch angle of M31. The remaining spiral arm pitch angles were measured using a two-dimensional fast Fourier transformation (Schröder et al. 1994) , assuming logarithmic spirals.
The range of radii over which the Fourier fits were applied were selected to exclude the bulge or bar (where no information about the arms exists) and to extend out to the outer limits of the arms in our images. Pitch angles were then determined from peaks in the Fourier spectra, as this is the most powerful method to find periodicity in a distribution (Considère & Athanassoula 1988; Garcia-Gomez & Athanassoula 1993). The radial range over which the Fourier analysis was performed was chosen by eye and is probably the dominant source of error in the calculation of pitch angles. As a result, three radial ranges were chosen for each galaxy, and a mean pitch angle and standard error calculated for every object.
The images were first deprojected to face-on. Mean uncer-tainties of position angle and inclination as a function of inclination were discussed by Considère & Athanassoula (1988) . For a galaxy with low inclination, there are clearly greater uncertainties in assigning both a position angle and an accurate inclination. These uncertainties are discussed by Block et al. (1999) and Seigar et al. (2005) , who take a galaxy with low inclination (< 30 • ) and one with high inclination (> 60 • ) and vary the inclination angle used in the correction to faceon. They find that for the galaxy with low inclination, the measured pitch angle remains the same. However, the measured pitch angle for the galaxy with high inclination varies by 10%. For galaxies with inclination i > 60 • we take into account this uncertainty. Our deprojection method assumes that spiral galaxy disks are intrinsically circular. Figure 1 shows a plot of supermassive BH mass versus spiral arm pitch angle. As expected, we find a good correlation between BH mass and pitch angle. Pearson's linear correlation coefficient is 0.95 and the significance level at which the null hypothesis of zero correlation is disproved is 3σ. This means that the masses of BHs in the nuclei of disk galaxies can be determined directly from a measurement of their spiral arm morphology, in particular the spiral arm pitch angle.
RESULTS AND DISCUSSION
The relationship shown in Figure 1 can be explained as follows. It has been shown that spiral arm pitch angle is related to the rotation curve shear of disk galaxies (Seigar, Block & FIG. 1.-Plot of supermassive BH mass as a function of spiral arm pitch angle. Solid squares represent galaxies with direct measurements of their central BH mass, triangles represent galaxies for which the BH mass has been determined from the bulge central velocity dispersion and open circles represent lower limits on BH masses from the Eddington limit. The solid line represent the best fit analytical model describing the relationship between BH mass and spiral arm pitch angle, as described by equation 2. The dashed line is a linear best fit for galaxies with pitch angles P < 38 • . Puerari 2004; Seigar et al. 2005 Seigar et al. , 2006 . The rotation curve shear is a measure of the slope of the rotation curve and is therefore directly related to the overall mass concentration (see Seigar et al. 2006 for a definition of rotation curve shear). Furthermore, the recent discovery of AGN in late-type bulgeless galaxies (Satyapal et al. 2007 (Satyapal et al. , 2008 suggests that BH mass may be more closely related to mass concentration than bulge mass. Satyapal et al. (2008) suggest that the dark matter halo virial mass (which is related to the dark matter halo concentration; see e.g., van den Bosch et al. 2007 ) is the key quantity in determining BH mass. Because the BH mass and spiral arm pitch angle are both related to mass concentration, it is no surprise that we find that they are related to each other. However, it should be noted that to truly determine if mass concentration is the main determinant of BH mass is the subject of a more detailed study.
For galaxies with the most open spiral structure (with pitch angles > 40 • ) the slope in the relationship appears to change sharply. The most open spiral structure in disk galaxies has typical pitch angles between 40 • and 45 • (e.g., Seigar & James 1998; Block et al. 1999 ). These galaxies have small bulges, if any bulge at all (Kennicutt 1981; de Jong 1996; Seigar & James 1998) . As a result the BH masses in galaxies with very open spiral arms may very quickly approach zero. In this study, the galaxy with the most open spiral structure is M33, with a pitch angle, P = 42. • 2 ± 3. • 0. This galaxy has a Hubble classification of SAcd, and is often referred to as being a bulgeless galaxy (e.g., Stephens & Frogel 2002) . Furthermore, it has the lowest measured mass of any nuclear BH ever measured, with an upper limit of 1500 M ⊙ (Gebhardt et al. 2001 ). If these bulgeless galaxies have nuclear BH masses that are very low, or possibly approaching zero, the sharp change in the slope of the relation above pitch angles of 40 • is probably due to a cut-off in the expected range of black hole masses for disk galaxies. It should also be noted, that this change in slope is currently driven by just 5 galaxies with pitch angles, P > 38 • . If a larger sample were available it may be demonstrated that the correlation simply breaks down for galaxies with the most open spiral structure. For this reason we have used a linear relation to describe galaxies with pitch angles P < 38 • (Figure 1; dashed line) . The equation of this line is,
The smallest pitch angles typically seen are in the range 7 • − 10 • (Block et al. 1999; Seigar 2005) . Such galaxies have the largest bulges and subsequently the most massive nuclear BHs (for spirals). The galaxy with the largest black hole in this study is M31, with a mass of ∼ 1.7 × 10 8 M ⊙ (Bender et al. 2005) . M31 is classified as SAb, but it is likely misclassified due to its high inclination, and most likely has a larger bulge and/or bar (e.g., Beaton et al. 2007) .
Assuming that the break in the relation between SMBH mass and spiral arm pitch angle in Figure 1 is real, we have also used a double power-law model (similar to the Nuker law of Lauer et al. 1995) to describe the relation (Figure 1 ; solid line). Such a model is written:
where γ measures the slope of the power law for low pitch angles, β is the slope of the power law for large pitch angles, P b is the transition from low pitch angles to high pitch angles, α governs the sharpness of the transition and M BH b is the black hole mass for a pitch angle P b . The solid line in Figure 1 is the best fitting model described by equation 2. The scatter with respect to this best-fit is 0.3 dex. For the best fit we find values for the parameters, α = 23.5, β = 126.1, γ = 2.92, M BH b = 1.72 × 10 4 M ⊙ and P b = 40. • 8. Also, it can be seen that as the pitch angle approaches zero, that the black hole mass increases rapidly. However, it should be noted that the relationship only applies to spiral galaxies, and is therefore not applicable below pitch angles of ∼ 7 • , i.e. similar to the pitch angle of M31, since this is the tighest pitch angle typically seen in disk galaxies.
In Figure 2 we show a plot of bulge central velocity dispersion, σ c , as a function of spiral arm pitch angle. Not surprisingly, a good correlation is seen. This is simply a result of the fact that σ c is also an indicator of the mass of central BHs (Gebhardt et al. 2000a; Ferrarese & Merritt 2000) . In this case, Pearson's linear correlation coefficient is 0.92 and the significance level at which the null hypothesis of zero correlation is disproved is also 3σ.
We suggest that two of the factors in the determination of supermassive BH mass could be either dark matter halo concentration (c = R vir /R s , where R vir is the virial radius and R s is the dark matter density profile scale radius; Navarro et al. 1997) or the dark matter halo virial mass (see Ferrarese 2002) . One of the determining factors of spiral arm pitch angle is central mass concentration, which in turn is related to dark matter halo concentration (e.g., Seigar et al. 2006 ). Furthermore, spiral galaxies with larger halo concentrations are more likely to have larger stellar bulges in which more massive BHs can reside. Finally, the stellar velocity dispersion of the bulge, σ, is an indicator of the dynamical mass within the radius at which it is measured. This is also related to halo concentration, which in turn is related to halo virial mass (e.g., van den Bosch et al. 2007) . It is therefore possible not only to explain the relationship between spiral arm pitch angle and supermassive BH mass (presented here), but also the relation between bulge mass and supermassive BH mass (Magorrian et al. 1998 ) and the M BH -σ relation (Gebhardt et al. 2000a; Ferrarese & Merritt 2000) . However, we note that given the current evidence, it is impossible to tell if dark matter halo concentration is the main determinant of supermassive BH mass, or if some other quanitity is also important. To determine if the dark matter halo does affect BH mass is the subject of a more detailed study.
Finally, the importance of the relationship between spiral arm pitch angle and supermassive BH mass lies in the ability to detect regular spiral structure out to intermediate redshifts.
For example, Elmegreen et al. (2004) clearly show that disk galaxies at z ≃ 1 can exhibit grand design spiral structure. If this is true, then it may be possible to estimate the growth of supermassive BHs in disk galaxies as a function of look back time, just from imaging data and a measurement of spiral arm pitch angle. In such a study, the accuracy for predicting the BH mass for an individual galaxy is ±30%, based on the scatter in Figure 1 and the typical errors associated with estimating spiral arm pitch angles. Taking into account that spiral arm pitch angles for more distant galaxies will be measured with less certainty, it is likely that we will be able to determine BH masses to within ±50%. It is therefore important to note that the spiral arm pitch angle versus BH mass relation should be applied to a large sample of nearly face-on galaxies, in which case a statistical analysis of the evolution of BH masses in disk galaxies can be determined. Given the quantity of deep HST imaging of blank fields that is now available, it seems that the time is ripe to perform such as study. For example, we estimate that ∼700 galaxies are available for a study of spiral structure from the Great Observatories Origins Deep Survey fields alone (see Giavalisco et al. 2004 for a description of this survey). It therefore should now be possible to determine, statistically, the evolution of SMBHs in disk galaxies, based upon spiral arm morphology. Support for this work was provided by the Arkansas NASA EPSCoR program. This research has made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with NASA. The authors wish to thank the anonymous referees whose comments improved the content of this letter.
